Changes in gene regulatory networks are a major source of evolutionary novelty [1] [2] [3] . Here we describe a specific type of network rewiring event, one that intercalates a new level of transcriptional control into an ancient circuit. We deduce that, over evolutionary time, the direct ancestral connections between a regulator and its target genes were broken and replaced by indirect connections, preserving the overall logic of the ancestral circuit but producing a new behaviour. The example was uncovered through a series of experiments in three ascomycete yeasts: the bakers' yeast Saccharomyces cerevisiae, the dairy yeast Kluyveromyces lactis and the human pathogen Candida albicans. All three species have three cell types: two mating-competent cell forms (a and a) and the product of their mating (a/a), which is mating-incompetent. In the ancestral mating circuit, two homeodomain proteins, Mata1 and Mata2, form a heterodimer that directly represses four genes that are expressed only in a and a cells and are required for mating [4] [5] [6] . In a relatively recent ancestor of K. lactis, a reorganization occurred. The Mata1-Mata2 heterodimer represses the same four genes (known as the core haploid-specific genes) but now does so indirectly through an intermediate regulatory protein, Rme1. The overall logic of the ancestral circuit is preserved (haploid-specific genes ON in a and a cells and OFF in a/a cells), but a new phenotype was produced by the rewiring: unlike S. cerevisiae and C. albicans, K. lactis integrates nutritional signals, by means of Rme1, into the decision of whether or not to mate.
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Changes in gene regulatory networks are a major source of evolutionary novelty [1] [2] [3] . Here we describe a specific type of network rewiring event, one that intercalates a new level of transcriptional control into an ancient circuit. We deduce that, over evolutionary time, the direct ancestral connections between a regulator and its target genes were broken and replaced by indirect connections, preserving the overall logic of the ancestral circuit but producing a new behaviour. The example was uncovered through a series of experiments in three ascomycete yeasts: the bakers' yeast Saccharomyces cerevisiae, the dairy yeast Kluyveromyces lactis and the human pathogen Candida albicans. All three species have three cell types: two mating-competent cell forms (a and a) and the product of their mating (a/a), which is mating-incompetent. In the ancestral mating circuit, two homeodomain proteins, Mata1 and Mata2, form a heterodimer that directly represses four genes that are expressed only in a and a cells and are required for mating [4] [5] [6] . In a relatively recent ancestor of K. lactis, a reorganization occurred. The Mata1-Mata2 heterodimer represses the same four genes (known as the core haploid-specific genes) but now does so indirectly through an intermediate regulatory protein, Rme1. The overall logic of the ancestral circuit is preserved (haploid-specific genes ON in a and a cells and OFF in a/a cells), but a new phenotype was produced by the rewiring: unlike S. cerevisiae and C. albicans, K. lactis integrates nutritional signals, by means of Rme1, into the decision of whether or not to mate.
In S. cerevisiae, K. lactis and C. albicans, three cell types (a, a and a/a) are specified by transcriptional regulators (sequence-specific DNA-binding proteins) encoded at the mating type locus. An important part of this cell-type-specific circuit is the regulation of the haploidspecific genes (hsgs), a group of genes that are expressed in a and a cells but not in a/a cells 7 . The full sets of hsgs were previously identified in S. cerevisiae 4 and C. albicans (ref. 5 , and B.B.T., Q. M. Mitrovich, F. M. De La Vega, C. K. Monighetti and A.D.J., unpublished observations) but not in the related species K. lactis. To examine the evolution of this portion of the mating circuit, we identified the genes in the K. lactis hsg regulon and compared them to those in S. cerevisiae and C. albicans. By profiling the expression patterns of wild-type a, a and a/a K. lactis cells genome-wide, we identified 12 genes that are clear hsgs under the conditions tested (Fig. 1a) , two of which-RME1 (referred to previously as MTS1) and STE4-were previously identified as hsgs in K. lactis 8 .
Comparison of all the hsgs in the three species revealed a substantial level of turnover in the regulon; in other words, an hsg in one species is not necessarily an hsg in the other two (Fig. 1b) . However, an ancestral core of four hsgs (GPA1, STE4, STE18 and FAR1) share a common expression pattern in all three species. The first three genes encode the heterotrimeric G protein that, in the presence of mating pheromone, activates a downstream mitogen-activated protein kinase (MAPK) cascade required for mating [9] [10] [11] . Far1 lies further downstream in this pathway and mediates two responses needed as a prelude to mating, cell cycle arrest 12 and the formation of mating projections 13, 14 .
In S. cerevisiae and C. albicans a/a cells, all four genes of the hsg core regulon are directly repressed by the transcription regulator a1-a2 (refs 4, 6), a heterodimer encoded by one gene at the MATa locus and one gene at the MATa locus. To determine whether this was also true in K. lactis, genome-wide chromatin immunoprecipitations (ChIP-chip) of a1 and a2 were performed in K. lactis a/a cells. In total, the upstream regions of 14 genes were observed to be occupied by both a1 and a2, including the RME1 gene (Fig. 1c) , which is also a1-a2 regulated in S. cerevisiae. a1 and a2 ChIP peaks were not observed at the promoters of any of the four core hsgs in K. lactis, indicating that, unlike in S. cerevisiae and C. albicans, these genes are not directly regulated by a1-a2.
To confirm the absence of direct a1-a2 regulation at K. lactis hsgs, we identified the a1-a2 recognition motif in K. lactis from the ChIP data, using a de novo motif-finding program 15 . The highest-scoring motif was similar to the a1-a2 motifs previously identified in S. cerevisiae 16 and C. albicans 17 (Fig. 1d) . Indeed, the S. cerevisiae motif is efficiently recognized by the C. albicans a1-a2 protein 17 , confirming that key features of this sequence have remained largely unchanged in the three species. We searched the regions 2 kilobases upstream of each K. lactis core hsg for the K. lactis a1-a2 motif but did not find significant matches, confirming the absence of direct a1-a2 regulation of these genes. (Whereas the a1-a2 site upstream of RME1 had a log 10 -odds score of 4.98, the best matches at the core hsgs ranged from 20.70 to 0.93.) These results indicate that although the ancestral core hsg expression pattern is conserved in K. lactis, the mechanism of the regulation has changed.
To understand how the K. lactis hsgs are cell-type regulated we searched the upstream regions of the 12 genes identified as hsgs by expression array (Fig. 1a) for cis-regulatory motifs 15 . The second-highest ranking motif (the top-ranking motif was a repeat sequence) was found in 11 out of 12 of the promoters (Fig. 2a) and was similar to the S. cerevisiae Rme1 motif (K. lactis consensus, GAACCNMAA; S. cerevisiae consensus, GAACCTCAA 18, 19 ). This motif is also similar to, although longer than, the K. lactis Rme1 motif derived previously 20 . The Rme1 motif is absent from S. cerevisiae and C. albicans hsg promoters.
In S. cerevisiae, Rme1 was initially identified as a repressor of meiosis and sporulation 21, 22 , and was later shown to act as a transcriptional activator of other genes 19 . In K. lactis, Rme1 was shown to regulate mating-type interconversion 20 (the switching of a and a cells to the opposite cell-type by means of DNA rearrangement). We speculated that Rme1 was co-opted in the K. lactis lineage to positively regulate the core hsgs.
To test this hypothesis, we knocked out the RME1 gene in K. lactis a cells and examined the gene expression profile by microarray. We found that 20 genes were downregulated in the knockout strain (Fig. 2b) , including all four of the core hsgs (P 5 2 3 10 distribution) indicating that the function of Rme1 in regulating meiosis is shared with S. cerevisiae. Thus, whereas some of the targets of Rme1 have remained the same as in the common ancestor of S. cerevisiae and K. lactis, Rme1 has gained new targets in the K. lactis lineage, including the core hsgs.
To test whether Rme1 directly regulates the core hsgs in K. lactis, we performed a genome-wide ChIP of Rme1 in a cells. ChIP peaks were observed at the promoters of the four core hsgs (Fig. 2c) and were centred over the Rme1 motifs (Fig. 2c) . Thus, in the K. lactis lineage, Rme1 was gained as a direct activator of the core hsgs by the acquisition of Rme1 cis-regulatory sequences at all four genes. We note that Rme1 is not the only regulator of the K. lactis hsgs; for example, STE18 is repressed by Sir2 (ref. 23) .
We next tested the biological role of Rme1 in mating in K. lactis, S. cerevisiae and C. albicans by comparing wild-type and RME1 knockout a cells. In response to a pheromone, a cells form mating projections (polarized growth towards the source of pheromone). When S. cerevisiae and C. albicans wild-type and Drme1 a cells were exposed to a mating pheromone, both strains formed mating projections normally (Fig. 2d) . In contrast, whereas K. lactis wild-type a cells produced mating projections in response to pheromone, Drme1 a cells did not, indicating that this biological response was dependent on Rme1 (Fig. 2d) . As a second test of the role of Rme1, we examined mating directly using a quantitative mating assay. No difference was observed between the mating efficiencies of wild-type a cells and those of Drme1 a cells for S. cerevisiae and C. albicans (Fig. 2e) . In contrast, the K. lactis Drme1 a cell mating efficiency was decreased, relative to the wild type, by a factor of at least 10 6 (Fig. 2e) . Thus, the ability to mate is critically dependent on Rme1-but only in K. lactis.
Unlike S. cerevisiae and C. albicans, K. lactis requires a starvation signal to mate 24 and to respond to pheromone 25 . Although several different types of starvation signal can prime K. lactis to respond to pheromone 24, 25 , we found that phosphate starvation is particularly potent, and it was used in subsequent experiments. Our expression profiling experiments (Fig. 1a) revealed that K. lactis requires starvation to express most of its mating genes. RME1 was also highly induced (24-fold) by phosphate starvation (Fig. 1a) . We note that S. cerevisiae RME1 transcript levels also increase tenfold under starvation conditions 18 , suggesting that regulation of RME1 by starvation may be ancestral to S. cerevisiae and K. lactis.
We next investigated in greater detail how the starvation signal is incorporated in the K. lactis mating regulatory circuit. The simplest model consistent with the data presented so far is that starvation upregulates RME1, which in turn activates transcription of the hsgs. A prediction of this model is that ectopic expression of RME1 in K. lactis should override the requirement for starvation in expressing the hsgs. We created an a strain overexpressing RME1 to levels that were within tenfold of the level in starved wild-type cells (using the Kl LAC4 promoter) and found that overexpression of RME1 (in rich YEP-galactose medium) was sufficient to induce expression of the heterotrimeric G protein subunits (Fig. 3a) . Overexpression of RME1 is also sufficient to allow K. lactis to form mating projections 
Chromosome A . d, The K. lactis a1-a2 motif determined from the ChIP-chip data. For comparison, the S. cerevisiae and C. albicans motifs (derived from published ChIP data 4, 6 ) are also shown.
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in response to pheromone in rich medium (Fig. 3b) . These results strongly support the model by showing that upregulation of RME1 is sufficient to cause biologically relevant upregulation of the heterotrimeric G proteins.
Thus, the rewiring of the K. lactis hsg circuit (summarized in Fig. 4 ) resulted in a new network configuration and a novel phenotype, relative to the ancestor. Our results suggest a possible evolutionary path for this rewiring. In the ancestor of all three yeasts, the hsgs were directly repressed by a1-a2. Either in an ancestor to S. cerevisiae and K. lactis or independently in each lineage, RME1 was brought under nutritional regulation. Finally, in the K. lactis lineage alone, two steps occurred: the hsgs lost the cis-regulatory sequences for a1-a2 and gained the cisregulatory sequences for Rme1. As described in Supplementary Fig. 2 , it is possible to determine more precisely when the rewiring of the core hsgs occurred. We can infer that direct a1-a2 regulation of the core hsgs was probably lost several times in the ascomycete lineage, and that the K. lactis form of regulation of the hsgs probably arose after K. lactis and the closely related species L. kluyveri branched from their common ancestor.
Although we do not know whether acquisition of the K. lactis form of regulation was adaptive, this type of regulation makes logical sense given that the primary mode of growth of K. lactis is as a haploid 26 . The formation of spores is a strategy employed by many yeasts to survive harsh environments. For starvation to give rise to spores, K. lactis would first have to mate (to form the sporulation-competent a/a cell type), thus rationalizing the link between starvation and mating. In contrast, S. cerevisiae in the wild is typically at least diploid 27 and forms spores directly in response to starvation. Thus, the coupling of mating and starvation makes conceptual sense for K. lactis in comparison with S. cerevisiae.
We have described a case in which a new tier of regulation has been intercalated into an ancient transcription circuit consisting of a regulator (a homeodomain heterodimer) and a set of target genes. This change involved breaking the original connections between the regulator and its lactis mating. a, The K. lactis Rme1 motif found by a de novo search 15 of the 12 Kl hsgs and the S. cerevisiae motif derived from two experimentally characterized binding sites 18, 19 . b, The set of 19 genes repressed twofold or greater relative to wild type when RME1 is absent and the cells are phosphatestarved. In bold are the core hsgs. c, Rme1 is a direct regulator of the core hsgs. ChIP of Rme1 was performed in K. lactis c-Myc-tagged RME1 a cells (blue and green lines, two biological replicates) and untagged, control a cells (orange line). The immunoprecipitated DNA was hybridized to a tiling microarray. The genes (tan boxes) above the line are transcribed in the forward direction and those below are transcribed in the reverse direction. The location of the Kl Rme1 motif is indicated by a purple star. d, Rme1 is required only in K. lactis to respond to mating pheromone. Wild-type or RME1 knockout a cells were exposed to either a mating pheromone or a mock treatment of dimethylsulphoxide (DMSO). Mating projections form readily when both wild-type and Drme1 S. cerevisiae and C. albicans cells are exposed to mating pheromone. Only the K. lactis Drme1 a cells were unable to respond to the presence of a mating pheromone. e, Rme1 is required for mating in K. lactis but not in S. cerevisiae nor C. albicans. Quantitative mating assays were performed by mating wild-type or Drme1 a cells to wild-type a cells. In S. cerevisiae and C. albicans the percentage of a cells that was able to mate is similar for wild-type and Drme1. K. lactis Drme1 a cells are mating incompetent; no mating products were isolated from the Drme1 a 3 wild-type a mating.
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target genes and replacing them with a more complex type of hierarchy (Fig. 4) . Intercalation may be a common way in which regulatory circuits evolve. This type of 'intercalary evolution' was first proposed 28 to account for a common origin of eyes. In a wide variety of species, the transcription regulator Pax6 lies at the top of the eye development hierarchy, and rhodopsins occupy the bottom. According to the proposal, different types of eye arose from evolutionary intercalation of a variety of regulatory and structural genes within this simple, deeply conserved, regulatory relationship. The change we describe here is less complex and provides a concrete example of evolutionary intercalation, one that is responsible for an important feature of modern mating behaviour in K. lactis. It has been known for decades that K. lactis (unlike its relatives S. cerevisiae and C. albicans) requires starvation to mate 24 , and we have shown that this behaviour is due to the new configuration of the K. lactis mating circuit.
METHODS SUMMARY
Gene expression array. RNA was isolated by hot phenol extraction and reverse transcribed, and the resulting complementary DNAs were coupled to Cy5. A pooled mixture of the cDNAs was coupled to Cy3 and used as a reference. Labelled cDNAs were hybridized to Agilent arrays for visualization. ChIP-chip. ChIP experiments were performed as described previously 29 , with minor modifications. Pheromone response assays. Exponential-phase cultures were exposed to 13-mer a-mating pheromone, and the formation of mating projections was monitored by microscopy. Quantitative mating assay. a and a cultures were grown independently to exponential phase and then mixed together with a cells in fivefold excess under mating conditions. The mating products were selected for on medium that either a and a/a cells or only a/a cells could grow on, and efficiencies were calculated as efficiency 5 (a/a colonies)/(a and a/a colonies). RT-quantitative PCR. Cultures were grown to exponential phase in YEP-galactose medium, and RNA was isolated by extraction with hot phenol. RNA was reverse transcribed and the cDNAs were quantified by quantitative PCR. In the absence of a starvation signal the hsgs, but not CKB1 (a non-hsg control), are upregulated when RME1 is overexpressed. b, RME1 overexpression allows cells to respond to mating pheromone in the absence of a starvation signal. K. lactis a cells that contained only the endogenous RME1 copy and an empty pLAC4 vector (WT), the endogenous copy of RME1 and RME1 driven by the pLAC4 promoter (WT 1 pLAC4-RME1) or only RME1 driven by the pLAC4 promoter (Drme1 1 pLAC4-RME1) were grown in YEP-galactose and exposed to a mating pheromone. Wild-type cells were unable to form mating projections in the absence of a starvation signal, but both strains overexpressing RME1 (pLAC4-RME1) formed mating projections in the absence of a starvation signal. In all three species the core hsgs are repressed by a1-a2; thus, they are ON in a and a cells and OFF in a/a cells. In S. cerevisiae and C. albicans the repression is direct (a1-a2 binds to the promoters of these genes), but in K. lactis it is indirect, through Rme1. The circuit rewiring in the K. lactis lineage has resulted in a new mating behaviour; this species is able to mate only when starved. We show that this behaviour is due to the intercalation of Rme1, which is upregulated by starvation in K. lactis.
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Medium. Details of the medium used in the experiments presented here can be found in ref. 31 . The recipe for the phosphate starvation medium can be found in ref. 25 . Strains and strain construction. The strains used in this study can be found in Supplementary Information. S. cerevisiae strains are S288C background and C. albicans strains are SC5314 background. Gene disruption cassettes for knockouts and taggings in K. lactis and L. kluyveri were generated by fusion PCR 32 using the primers listed in Supplementary Information. Fusion PCRs were performed in a 50-ml reaction containing 0.5 ml ExTaq (Takara Bio Inc.), 0.25 mM dNTPs, 0.2 mM each primer and about 25 ng of template. The reactions were incubated as follows: 94 uC for 3 min; 35 cycles of 94 uC for 30 s, 50-55 uC (depending on primer) for 30 s and 72 uC for 1 min per kilobase; and 72 uC for 5 min. The first round of PCR consisted of three reactions that amplified the flanking homologous sequence from K. lactis genomic DNA with primers 1 and 3 or 4 and 6, and amplified the markers from the appropriate plasmids with primers 2 and 5. The URA3 marker was amplified from YEp24, the TRP1 marker from YEplac112, the c-Myc tagging cassette from pFA6a-13Myc-kanMX6 (ref. 33 ) and the 3 3 HA tagging cassette from pYMN-20 (ref. 34 ). The products were purified with the QIAquick PCR Purification Kit (Qiagen). The second round of amplification (the fusion round) used 1 ml of each purified flank PCR product and 2 ml of the purified marker PCR product. This product was purified with the QIAquick PCR Purification Kit.
The purified fusion PCR products were transformed into K. lactis and L. kluyveri by electroporation 35, 36 . Transformants were confirmed to be correct by colony PCR with the check primers listed in Supplementary Information. Tagged genes were also verified by sequencing.
To avoid mating-type switching in K. lactis and to increase the efficiency of tagging genes in the MAT loci, we created strains in which the silent MAT loci (HMLa and HMRa) were knocked out. SAY509 and SAY572 were transformed with gene disruption cassettes for HMRa (yLB10b) and HMLa (yLB11b), respectively. To generate strains with both silent cassettes deleted, these strains were mated as described 35 for 2 days, and diploids were selected for by URA/TRP dropout SCD medium. The resulting strain (yLB12d) was sporulated on pre-SPO plates for 2 days, and haploids with both silent cassettes deleted were selected for on URA/TRP drop-out medium. The mating types were determined by colony PCR using the MAT, MATa and MATa check primers. These strains (yLB13a and yLB14) were mated to generate an a/a strain lacking silent MAT loci (yLB15b).
To create N-terminally 3 3 HA-tagged MATa1 and MATa2 for ChIP experiments, yLB13a and yLB14 were transformed with the gene disruption cassettes created with the HA primers and the MATa1-tag or MATa-tag primers. yLB55 was mated with yLB14 to create yLB58, the a/a strain used in the MATa1 ChIP experiment. yLB56a was mated with yLB13a to create yLB57a, the a/a strain used in the MATa2 ChIP experiment.
RME1 was knocked-out (yLB21a) and tagged (yLB54b) in SAY572. yDG957 is the mated product of SAY509 and SAY572. yLB33a1 was created by sorbose-selecting TF028X, as described in ref. 37 . AH136a1 was sorbose-selected from SN87, and HIS1 and LEU2 were added back as described in ref. 38. pLAC4 (described below) was transformed into SAY572 after digestion with SacII (New England Biolabs) to generate yLB61b. pLAC4-RME1 (described below) was transformed into SAY 572 and yLB21a to create yLB64a and yLB65, respectively. pLAC4 was created by modifying pKLAC1 (New England Biolabs) as follows. The pKLAC1 vector was cut with HindIII and XhoI and gel-purified with the QIAquick Gel Extraction Kit to remove most of the a-mating pheromone secretory domain. The vector was dephosphorylated with APEX heat-labile dephosphatase (Epicentre), in accordance with the kit's instructions. Primers BamHI add and BamHI add, reverse complement were hybridized to each other at a concentration of 40 mM in 1 3 T4 PNK buffer (New England Biolabs) and 40 mM additional NaCl by incubation at 94 uC for 2 min and slow cooling to 10 uC at a rate of 0.1 uC s
21
. The hybridized primers created sticky ends for HindIII and XhoI cut sites. The hybridized primers were phosphorylated by adding ATP to a final concentration of 1 mM and T4 PNK kinase (New England Biolabs) to a final concentration of 200 U ml 21 and incubating them at 37 uC for 10 min. The cut, dephosphorylated vector was ligated to the hybridized primers by using Fast-Link Ligase (Epicentre) at a 1:5 molar ratio and transformed into DH5a cells. The acetimidase marker in the plasmid was then replaced with kanMX6. kanMX6 was amplified from pFA6a-13myc-kanMX6 (ref. 33 ) by using the KAN primers. The plasmid and kanMX6 marker were cut with BsrGI and XmaI (New England Biolabs) and ligated and transformed as described above. This plasmid was used as an empty vector control (referred to as pLAC4) in the RME1 overexpression experiments.
pLAC4-RME1 was generated by amplifying RME1 from K. lactis genomic DNA with the primers RME1 1 BglII and RME1 1 NotI. The RME1 gene and the pLB12 plasmid were cut with BglII and NotI (New England Biolabs) and ligated and transformed as described above. Orthologous gene set mapping. In this study we used the orthologous gene sets defined previously 25 . Gene expression arrays. Arrays were designed with OligoArray (v2.1.3) 39 . The reference sequence used was downloaded from the NCBI genome project for Kluyveromyces lactis NRRL Y-1140, records NC006037 to NC006042. The predicted messenger RNA sequences were used. The sequences of two shorter open reading frame (ORF)-coding transcripts, MFA1 and AGA2, that were not annotated in NCBI at the time were added to the reference. The following parameters were used: maximum number of oligonucleotides to design per input sequence, 3; size range, 60 to 60; maximum distance between the 59 end of the oligonucleotide and the 39 end of the input sequence, 1,500; minimum distance between the 59 ends of two adjacent oligonucleotides, 69; T m range, 75 to 97 uC; GC range, 15.0 to 65.0; threshold to reject secondary structures, 65.0; threshold to start to consider cross-hybridizations, 65; sequence to avoid in the oligonucleotide: GGGGG;CCCCC;TTTTT;AAAAA.
The arrays were printed by Agilent, using the 4 3 44K format. K. lactis strains were grown in either rich medium (YEPD) to an attenuance (D 600 ) of 0.9 or in phosphate starvation medium, with or with out a-mating pheromone, as described previously 25 . The 50-ml cultures were centrifuged for 5 min at 3,700g, and the pellet was resuspended in 10 ml of 1 3 TE and centrifuged again. The supernatant was removed and pellets were frozen in liquid nitrogen and stored at 280 uC.
RNA was isolated and reverse transcribed as described previously 38 with the exception that the RNA isolation protocol was scaled to 50-ml cultures and that SuperScript II (Invitrogen) was used. Additionally, reverse transcription reactions were performed on either individual samples or on RNA in which an equivalent amount of each RNA sample was pooled.
For the individual samples, 1.3 mg of cDNA was dried and resuspended in 5 ml of 0.1 M sodium bicarbonate. For the pooled samples, 5.9 mg of cDNA was dried and resuspended in 22.5 ml of 0.1 M sodium bicarbonate. An equivalent volume of Cy3 (pool) or Cy5 (individual) dye (Amersham) was added (dyes were resuspended in 60 ml of DMSO) and the reaction was incubated in the dark at 65 uC for 20 min. Labelled cDNAs were purified with a Clean and Concentrator -5 kit (Zymo Research).
Equal amounts of the Cy3-labelled and Cy5-labelled cDNA were hybridized overnight to the array, as described in the Agilent protocol. After hybridization, the arrays were washed as specified by Agilent. Arrays were scanned at 5 mm, averaging two lines, with an Axon GenePix 4000A scanner. Arrays were gridded with GenePix Pro v5.1. Global Lowess normalization analysis was performed for each array with a Goulphar script 40 (R Foundation for Statistical Computing). Normalized data were collapsed first by averaging the result for all duplicate probes and finally by taking the median of the probes for each ORF. Data were transformed as described for each experiment. Microarray data were clustered with Cluster version 3.0 (ref. 41 ) and visualized with Java TreeView v1. 1.3 (ref. 42) . ChIP-chip. K. lactis was grown in either YEPD to D 600 5 0.4 or in phosphate starvation medium as described previously 25 . The ChIP, DNA amplification, labelling and hybridization were performed as described previously 29 . For the a1 and a2 ChIPs, 2 ml of 5 mg ml 21 mouse anti-HA antibody clone 12CA5 (Roche) were used. The K. lactis tiling arrays used have been described previously 25 . Peak finding was performed with the 'Extract peaks from Data Set(s)' utility of MochiView 30 .
Peak extraction was applied independently to each normalized ChIP-chip data item. Peak finding significance thresholds were kept at their default values (P # 0.001). For the a1 and a2 ChIPs, regions of overlap between the two ChIP-chips were determined and the overlapping chromosomal coordinates were extracted, yielding 22 regions. This set was filtered to remove peaks in the telomeres or those that fell entirely in an ORF. MEME was performed on the remaining 14 peaks. Pheromone response assay. For K. lactis (SAY572 and yLB21a), the pheromone response assay was performed as described previously 25 , with the exception that the medium was not supplemented with additional leucine. For C. albicans (AH136a1 and yLB33a1), cells were grown in SCD medium at room temperature (23-25 uC) to D 600 5 1.0 and exposed to pheromone (or mock 10% DMSO treatment) for 4 h as described in ref. 43 . For S. cerevisiae (BY4674 and YM1768), the cells were grown in YEPD at 30 uC to D 600 5 0.5. a-Mating pheromone (5 mM; Sigma-Aldrich) was added and the cells were grown at 30 uC for 90 min; the presence of mating projections was monitored by microscopy. Quantitative mating. The strains and selective medium used for these experiments are listed in Supplementary Information.
Yeasts were grown in YEPD (S. cerevisiae, K. lactis) or SCD (C. albicans) at 30 uC (S. cerevisiae, K. lactis) or room temperature (C. albicans) to D 600 5 0. 
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D 600 5 0.8) in 10 ml of YEPD. The mixtures were filtered onto nitrocellulose (0.8 mm pore size; Millipore) with a Millipore 1225 Vacuum Manifold. Filter discs were placed onto either YEPD 1 55 mg ml 21 adenine 2% agar plates (S. cerevisiae, C. albicans) or 2% malt extract, 3% agar plates (K. lactis). S. cerevisiae strains were allowed to mate for 5 h at 30 uC, K. lactis strains for 2 days at 30 uC, and C. albicans strains for 6 days at room temperature. The filter discs were then removed and placed in 5 ml of SD medium and the cells were dispersed by vortex-mixing. The cell suspensions were sonicated with a Branson Sonifier 450 at 30% power for 10 s. Between 1/25 and 2.5 3 10 26 of the cell suspension was plated onto selective medium (see Supplementary Information). S. cerevisiae and K. lactis cells were grown at 30 uC for 2 days, and C. albicans cells were grown at room temperature for 4 days. Mating efficiency was calculated with the limiting parental a cells: efficiency 5 (a/a)/(a 1 a/a) . RT-quantitative PCR. K. lactis strains were grown in YEP-galactose to D 600 5 0.8 and centrifuged at 3,700g for 5 min. The pellets were washed with 1 ml of 1 3 TE and centrifuged at 3,700g for 5 min; supernatant was removed and frozen in liquid nitrogen. RNA was isolated and reverse transcribed (using SuperScript II) as described previously 38 , with all volumes scaled appropriately. cDNAs were quantified with a Bio-Rad CFX96 Real Time machine in a standard 25-ml reaction using Sybr green under standard conditions. The primers used are listed in Supplementary Information. Hypergeometric test. The significance of the set of genes (n 5 20) down twofold or greater relative to wild type in a phosphate-starved Rme1 knockout containing all four core hsgs was calculated with a hypergeometric test. The background set of genes (n 5 4,769) are defined as all genes that were detectable by our gene expression array. GO term analysis. For the analysis of the genes that were upregulated in the absence of RME1 in K. lactis, we performed GO term analysis using the S. cerevisiae GO term finder on SGD (http://www.yeastgenome.org/cgi-bin/GO/goTermFinder.pl). Genes that were up fourfold or greater in an RME1 knockout versus wild type in the RME1 array and that had an orthologue in S. cerevisiae were compared with a background set of genes defined as all S. cerevisiae genes orthologous to K. lactis genes that could be detected in our gene expression array.
